Abstract. Population structure and genetic diversity of invasions are the result of evolutionary processes such as natural selection, drift and founding events. Some invasions are also molded by specific human activities such as selection for cultivars and intentional introduction of desired phenotypes, which can lead to low genetic diversity in the resulting invasion. We investigated the population structure, diversity and origins of a species with both accidental and intentional introduction histories, as well as long-term selection as a cultivar. Dyer's woad (Isatis tinctoria; Brassicaceae) has been used as a dye source for at least eight centuries in Eurasia, was introduced to eastern USA in the 1600s, and is now considered invasive in the western USA. Our analyses of amplified fragment length polymorphisms (AFLPs) from 645 plants from the USA and Eurasia did not find significantly lower gene diversity (H j ) in the invaded compared to the native range. This suggests that even though the species was under cultivation for many centuries, human selection of plants may not have had a strong influence on diversity in the invasion. We did find significantly lower genetic differentiation (F st ) in the invasive range but our results still suggested that there are two distinct invasions in the western USA. Our data suggest that these invasions most likely originated from Switzerland, Ukraine and Germany, which correlates with initial biological control agent survey findings. Genetic information on population structure, diversity and origins assists in efforts to control invasive species, and continued combination of ecological and molecular analyses will help bring us closer to sustainable management of plant invasions.
Introduction
Some invasive plant species have a history of cultivation before becoming invasive (e.g. Pinus spp. ; Richardson 1998 , Rubus fruticosus; Clark et al. 2013) . Selection for desired plant phenotypes by humans over centuries can reduce genetic diversity in cultivars compared to overall diversity in wild accessions of a species (Clegg et al. 1984; Spooner et al. 2005; Miller and Schaal 2006; Dlugosch and Parker 2008; Lam et al. 2010) . Purposeful movement of a limited number of cultivars to a new continent can also act to reduce genetic diversity through founding effects (Loveless and Hamrick 1984) . Unintentional movement by seed contamination can likewise result in low diversity through founding effects, though multiple introductions or higher propagule pressure can mitigate loss of genetic diversity (Bossdorf et al. 2005; Genton et al. 2005) . When all of these processes (cultivation, importation of cultivars to a new continent, and movement via seed contamination) occur over a centuries-long time frame, we expect that the resulting invasive populations could be exceedingly low in genetic diversity.
The genetic diversity of an invasion can give us insight into both the history and the trajectory of the invasion process. The success of an invasion is driven by the ability to tolerate and adapt to a range of environmental pressures through both plasticity and genetic diversity (Sultan 1995; Lee 2002; Ward et al. 2008) . Higher levels of genetic diversity may enhance invasiveness (but see Roman and Darling 2007) and also be an indication that an invasion might be more difficult to manage due to genetically based variation in responses to tools such as herbicides (Maxwell et al. 1990; Jasieniuk et al. 1996) and highly host-specific biological control agents (Gaskin et al. 2011) . Low genetic diversity might lead to failure of a population to adapt to the invasive range unless high levels of phenotypic plasticity are present.
In this study, we considered the genetic diversity and population structure of a plant species with a long history of cultivation, deliberate and accidental importation, and recent invasion; Isatis tinctoria (dyer's woad). The current major invasions in the USA are in northern California/southern Oregon, and near the Rocky Mountains in Idaho, Utah, Montana and Wyoming (PLANTS USDA NRCS 2018) . Isatis tinctoria began its interaction with humans as a source of pigment. Sporadic early use and movement in Eurasia during the Neolithic period was followed by wide use since the 1200s in Europe, especially in the dyer's woad growing regions of England, Germany, Italy and France (Hurry 1930; Zech-Matterne and Leconte 2010) . After centuries of use in Europe, dyer's woad was purposely introduced to eastern North America in the early 1600s as a dye crop (Varga and Evans 1978) , until its use was succeeded in the 1700s by a more effective pigment from true indigo, Indigofera tinctoria (Fabaceae). Despite its early introduction into the eastern USA, it is not widely naturalized there (Mack 2003; USDA NRCS 2018) . There are multiple hypotheses of how dyer's woad migrated to the western USA in the late 1800s or early 1900s; as an accidental contaminant of alfalfa seed from eastern USA (Callihan et al. 1984) or Ireland (McConnell et al. 1999) or as a contaminant of packing material (Baun 2009) , dye source or ornamental from eastern USA (Kedzie-Webb et al. 1996) , or perhaps a combination of these options. In the western USA, the species invades crop and rangeland, and can be locally dense and spread into sagebrush communities (Holmgren et al. 2005 ). Dyer's woad is currently listed as a noxious weed in 11 western US states (USDA NRCS 2018).
Studies on the genetic diversity of dyer's woad have been performed for the western US (Simpson 2013 ) and for Eurasian populations (Gilbert et al. 2002; Spataro et al. 2007 ), but there have been no comparisons between the US invasion and native Eurasian populations. Though we expect the invasion to contain much less genetic diversity than the native range, and for the multiple invasions to be genetically similar if they have a common origin, this remains unknown without molecular analysis. In addition, this research can provide data useful to the control of the invasion, including knowledge about genetic diversity and structuring and the Eurasian origins of the invasion, which could be used to match invasive genotypes for host-specificity testing in classical biological control. Here we used amplified fragment length polymorphisms (AFLPs) in an attempt to answer the following questions: (i) Is there a significant loss of genetic diversity overall and within regions when comparing the invasion to the native range? (ii) What are the population structures of the native and invaded ranges? (iii) What is the most probable origin of the US invasion?
Methods
In order to obtain sufficient material for comparison across much of the range of I. tinctoria, we collected leaf material from 645 wild plants from 88 locations [see Supporting Information- Table S1 ]. Two hundred and forty-five plants were from the USA and 400 were from Eurasia. This also included one location with two plants from Morocco, Africa. We designated five regions that represent: (i, ii) the two major invaded regions in western USA; (iii) the eastern US region where plants were first introduced but are not invasive; and the regions of potential origin of the species which are (iv) western Europe and (v) eastern Europe/western Asia (see Figs 1 and 2). From these regions we collected 65, 128, 33, 131 and 252 plants, respectively (Table 1 ). In Region 3 (eastern USA), we searched the nine locations with reputable herbarium or online location information but only found the species in four locations, and in two of those locations there were fewer than 10 plants present; thus we feel that our sampling numbers, while being low, do represent the genetic diversity that exists in that region. We were unable to include plants from the UK due to our inability to find them at ~20 historical collection sites in the UK in 2016. Plants were haphazardly collected at all 88 locations, which is an average of 7.3 plants per location, and we define a location or population as a group of plants within 10 km of each other. Young leaves of plants were stored in silica gel at ambient temperature. To broaden our possible origins in case multiple morphologically similar species are in the USA, our Eurasian collection included two species morphologically similar to I. tinctoria: 12 plants morphologically identified as I. littoralis, endemic to Ukraine, and 5 plants identified as I. glauca from Turkey, endemic to Turkey, Lebanon and Syria (Marhold 2011) .
Genomic DNA was extracted from ~20 mg of silicadried leaf material using a modified CTAB method (Hillis et al. 1996) . The AFLP method followed Vos et al. (1995) with modifications as in Gaskin and Kazmer (2009) . All 15 selective primer combinations of MseI + CAA, CAC, CAT, CTA, or CTA and EcoRI + AAG, ACC, or ACT were prescreened for PCR product quality and number of variable loci using eight samples, and the two most polymorphic primer pairs were chosen (MseI + CTC/EcoRI + AAG and MseI + CAT/EcoRI + ACT). Reliable AFLP bands (loci) were determined as in Ley and Hardy (2013) . Briefly, we generated all AFLP data on an Applied Biosystems (ABI, Foster City, CA, USA) 3130 Genetic Analyzer, including 155 repeats (24 % of all 645 samples), and omitted any plants that did not produce a typical electropherogram pattern (i.e. noise > 20 relative fluorescence units (rfu) or failure to produce sufficient number of peaks). All repeats and their matching original.fas files were placed in ABI PeakScanner Software 2 and analysed at a minimum peak height of 20 rfu. The resultant.csv file from the PeakScanner sizing table was prepared with a header for tinyFLP v1.22 (Arthofer 2010) automatic peak scoring and selection using settings of: minimum peak height = 20, maximum peak width = 2, minimum size = 50, maximum size = 500, size tolerance range = 0.5, minimum Table S1 ) and yellow or blue shapes indicate majority genetic cluster assignments of plant as well as number of plants collected for a location. Regions 1, 2 and 3 approximate the major invaded areas and are shown by dashed lines.
peak-peak distance = 1, peak height difference = 0, minimum frequency = 0.3, maximum frequency 99.7. The tinyFLP output file was prepared for SPAGeDi v1.4 (Hardy and Vekemans 2002) to test for reproducibility of peaks, using broad sense heritability (H 2 ) and its significance, calculated as F st of Weir and Cockerham (1984) . Peaks (loci) with an H 2 value of >0 and P < 0.05 were considered heritable for this study (significant H 2 was always >0.26). Final allele calls for heritable loci were made with GeneMapper (ABI) at >50 rfu; bin width of 1 bp.
To compare genetic diversity between continents and between Regions 1 through 5, we calculated proportion of loci that are polymorphic at the 5 % level (PLP) and Nei's (1987) gene diversity (H j ; equivalent to expected heterozygosity; H e ) in AFLP-SURV 1.0 (Vekemans 2002) . Significance differences for H j were calculated using 95 % confidence intervals derived from standard errors.
To analyse population structure, we investigated genetic differentiation (F st ) and clustering and assignment tests. Table S1 ) and white or black shapes indicate majority genetic cluster assignments of plant as well as number of plants collected for a population. Regions 4 and 5 approximate western Europe vs. eastern Europe/western Asia locations and are shown by dashed lines. The five locations that are genetically most similar and most dissimilar to the US invasion are indicated by location numbers in black or white text, respectively. Table 1 . Diversity and population structure of Isatis tinctoria in the invasive and native ranges. Dissimilar letters following values within a row indicate statistically significant differences (P < 0.05). PLP = proportion of loci that are polymorphic; H j = gene diversity; F st = genetic differentiation. (Pritchard et al. 2000; Falush et al. 2003; Falush et al. 2007) . To determine the number of genetic clusters (K) represented in the genotypes, AFLP results were diploidized (Falush et al. 2007) , no population or geographic location information was included, admixture was assumed as possible, allele frequencies were considered to be independent, and a 50 000 run burn-in (α stabilized at ~1000 runs) and 100 000 run length were used. We tested for number of genetic clusters (K = 1 to 15) with 20 repetitions for each value of K. Selection of K from this output data was done with the criterion ΔK suggested by Evanno et al. (2005) , and results were visualized in the software STRUCTURE HARVESTER webv0.6.92 (Earl 2012 ). Because we were not convinced that allele frequencies should be considered independent, we also ran the final STRUCTURE analysis with the allele frequencies correlated option.
USA
To further identify origins we calculated smallest pairwise Nei's (1972) genetic distances (D) between locations in the USA and Eurasia using AFLP-SURV. Locations must have at least two plants in order to calculate D, so some locations were omitted from this analysis (see Supporting Information- Table S1 for number of samples per location). To visually estimate origins of the US invasion, we used D values in T-REX online (Boc et al. 2012) to create a neighbor-joining tree. Bootstrap values for tree branches were created using 1000 repetitions of D in AFLP-SURV and running those with the Consense function in Phylip (Felsenstein 1989) . Though our location population sizes were low in some cases, we included this analysis because: (i) the comparison of population genetic distances does not in itself create type 1 errors (false positive); and (ii) though type 2 errors (false negative) are possible, emerging patterns of origins using a high number of locations is useful information for control efforts, even if more precise information could be drawn from further sampling of more individuals or locations. To infer if the western US plants were more likely to have come from eastern USA or directly from Eurasia, we performed a Student's t-test on the average Nei's genetic distance (D) between locations comparing western USA (23 populations) and eastern USA (four locations; 92 pairwise comparisons) or western USA and Eurasia (four locations that were the closest genetic matches to western USA; 92 pairwise comparisons).
Results
Screening of repeatability of loci described above provided 262 significantly heritable, variable loci for MseI + CTC/EcoRI + AAG and MseI + CAT/EcoRI + ACT combined (127 and 135 loci, respectively). AFLP data are presented in Supporting Information- Table S1 .
Genetic diversity and population structure
The proportion of loci that were polymorphic (PLP) was lower for the USA than for Eurasia, at both the continent and region levels (Table 1 ). Nei's (1987) gene diversity (H j ) was not significantly different in the USA compared to Eurasia. H j was significantly higher in Regions 1, 4 and 5 than in 2 and 3 (Table 1 and 
Genetic differentiation (F st ) was significantly lower in the USA compared to Eurasia. Clustering analysis within Eurasia indicated two genetic clusters (ΔK = 2, coloured black or white in Figs 2 and 3) . When we analysed USA and Eurasia together under K = 2, all 245 US plants assigned to the white cluster (Fig. 2) . When we analysed the US plants alone, these were further subclustered into two groups (Fig. 3) indicated by two colours, yellow and blue, on Fig. 1 . According to STRUCTURE analysis, there was geographic structuring in western USA, with populations in each region belonging to the same cluster (blue or yellow), except for two populations in Montana (Populations 1 and 2, Fig. 1 ). Assignment of plants to each cluster in the USA and Eurasia was generally strong, with 93 % and 80 % of plants assigning at >90 % to a cluster, respectively [see Supporting Information- Table S2 ]. When we assumed allele frequencies to be correlated in the STRUCTURE analysis, all plants assigned to the same cluster as when we assumed allele frequencies to be independent.
Origins
STRUCTURE analysis assigned all US plants to the cluster of populations that included western Europe/Morocco/ Ukraine [see Supporting Information- Table S2 ]. In the neighbor-joining tree [see Supporting Information- Fig. S1 ], the US locations were nested within branches that included populations from Morocco, France, Germany, Switzerland and Ukraine (Crimean Peninsula). Average Nei's genetic distance (D) between Eurasian locations and US locations ranged from 0.021 to 0.157 and the lowest five average genetic distances to US locations (D = 0.021-0.031) were Eurasian locations 70, 59, 60, 79, 63 (Switzerland, Ukraine, Ukraine, Germany and Ukraine, respectively; marked on In determining if the western US plants were more likely to have come from eastern USA or directly from Eurasia, the average genetic distances between western USA and the four genetically closest Eurasian locations (D = 0.027) were significantly closer than those of western USA and eastern USA (D = 0.0315) at the 95 % confidence level, suggesting that the western US invasion more likely came directly from Eurasia than eastern USA, though the paucity of populations we could find in eastern USA lowered our ability to support this claim.
Discussion
Population structure and genetic diversity of plants are affected by many factors, including mode of reproduction and dispersal. Dyer's woad is a tetraploid biennial, typically outcrossing herb (2n = 4x = 28) (Al-Shehbaz et al. 2006) . Selfing is possible, but leads to fewer siliques with lower weight and seed germinability (Spataro and Negri 2008a) . Seeds are not adapted to wind dispersal and usually fall to the ground within a few meters of the plant (Evans 1991) . Longer distance dispersal relies on movement by wildlife and contaminated crop products (Farah 1987) . Invasions can also be found along roadsides and railroads, suggesting transportation vectors (Evans 1991) .
Genetic diversity
Introduced populations typically show losses in genetic diversity (Allendorf and Lundquist 2003; Dlugosch and Parker 2008 ), but we did not see statistically significant losses in the USA compared to Eurasia (Table 1) . Proportion of loci that are polymorphic was lower in the USA, but may have been influenced by our unequal sample sizes at the continent and region levels. H j was lower for the USA but not significantly. Region 1 was statistically similar to Regions 4 and 5 of Eurasia for H j , even though sampling size was smaller in Region 1, further suggesting a comparatively high level of genetic diversity in Region 1. This emerging pattern of retention of significant amounts of genetic diversity in the USA could be the result of mixing of genotypes from different population sources as they were moved from Europe to eastern USA and/or to western USA and the facultative outcrossing of this species. The high diversity within the USA also suggests that before introduction to the USA there was not strong selection for a single or a few cultivars that provided the best dye product, as historically recorded (Hurry 1930) , and that maybe most individuals of the species could produce useful dye, though research by Spataro and Negri (2008b) suggests that in Europe there are now preferred lineages or varieties used for artisanal dyeing.
Population structure
Genetic differentiation (F st ) was significantly lower in the USA than in Eurasia (Table 1) . This may be due to the much longer history of I. tinctoria in Europe and Asia, giving more opportunities for natural selection, mutation and drift to create population structure and offset any losses in fixation due to migration and gene flow.
Our western US invasion had two genetic clusters (blue and yellow, Fig. 1 ) which, except for two yellow populations in Montana, segregated roughly as California/ Oregon vs. Rocky Mountains. Simpson (2013) found three genetic clusters in the western USA, and populations along the Wyoming/Idaho border formed their own cluster, separate from nearby Utah and all other western US populations. Our analysis of ΔK values (Fig. 4) suggested two clusters, but when we forced the clustering program to find three clusters as Simpson (2013) did, the clusters still segregated California/Oregon from Idaho/Wyoming/ Utah/Nevada, with a third cluster containing eastern USA and some Montana populations [see Supporting Information- Fig. S2 ], which is unlike the Simpson (2013) result. Also unlike our study, Simpson (2013) found less geographic clustering, with two of three clusters represented in the far west (California) and all three clusters in the Rocky Mountains. The disparity between the two studies may be due to collection from different locations in a region, or quality of DNA extracted for AFLP data, which was claimed to be poor in some populations in Simpson's study (2013) . Our study and that of Simpson (2013) included 21 compared to 15 locations and 193 compared to 268 samples, respectively, for the western USA. Our evidence of geographic structure suggested a lack of gene flow between California/Oregon and the blue coloured locations in the Rocky Mountain region, and for management, we suggest including representative plants from both yellow and blue clusters (Fig. 1 ) in biological control agent efficacy studies. This genetic differentiation between California/Oregon and the Rocky Mountain region might also explain why the dyer's woad strain of the North American rust Puccinia thlaspeos infects dyer's woad in Idaho/Utah, but fails to establish when applied to plants in California/Oregon (M. Schwarzländer, pers. comm.) .
Origins
The claimed native range of I. tinctoria was historically unclear and debatable. Origin hypotheses range from south-eastern Asia (Sales et al. 2006) , Central Asia (Spataro et al. 2007) , the Caucasus and Middle East to eastern Siberia (Conert et al. 1986 ) to south-west Asia and south-eastern Europe (Ball and Akeroyd 2010) . The Euro+Med PlantBase (Marhold 2011 ) listed native/introduced status for Europe, and cited references in Marhold (2011) often disagreed about native status in certain western European countries (e.g. Germany, Switzerland, Spain) but agreed on native status in other countries (e.g. UK, France, Italy). Germany, France and the UK were once big growing centres for I. tinctoria (Zech-Matterne and Leconte 2010), and in some regions naturalized populations persist in good numbers (e.g. eastern France) while other areas seem to have lost most populations (e.g. UK; J. F. Gaskin, H. Hinz, pers. comm.) . Our data show that except for Ukraine, Asian populations were genetically distinct in clustering analysis from western European populations, supporting native status of this species in western Europe, or at least very old establishment and selection of dyer's woad in Europe. However, it is also possible that western European populations are derived from Asia and our limited Asian sampling did not sample the populations that would demonstrate that connection.
While we do not propose to revise the taxonomy of Isatis here, we note that our plants morphologically identified as I. littoralis fell below the average genetic distance between I. tinctoria populations, suggesting that I. littoralis is a taxon within I. tinctoria, or our morphological identification was wrong, and the individuals were actually I. tinctoria. Plants morphologically identified as I. glauca were among the most genetically distinct in our analysis supporting them as not being I. tinctoria, consistent with results from Gilbert et al. (2002) . This indicates that I. littoralis be included, and I. glauca be excluded, from searches for biological control agents of I. tinctoria.
Our best estimates of Eurasian origins of the US invasion were Switzerland, Ukraine and Germany (plants were not available to address the hypothesis of a UK origin). This suggests that potential biological control candidate species from these regions found on plants genetically similar to the invasion may be better adapted to the invasive genotypes and potentially more effective control organisms compared to those from other locations (e.g. Turkey, Iran, Kazakhstan), though new host-enemy associations can also be damaging (Evans and Ellison 2004) . Even though biological control agents with broad host specificity that utilize all I. tinctoria genotypes may exist, there are examples of very host-specific biological control systems (e.g. Goolsby et al. 2006) , warning that agents from just one location, chosen without considering specific invasion origins, may not control all invasive genotypes, leading potentially to replacement by biological control resistant plants and lowering overall weed control efficacy, as was seen in control efforts for Chondrilla juncea in Australia (Burdon et al. 1981) . Our hypothesis regarding specific origins of the western US genotypes was reinforced by the fact that all three currently studied potential biological control agents for I. tinctoria were found in western to southwestern Europe (Germany and Italy) and never during surveys in eastern Europe or Asia (H. Hinz, unpubl. data) . This includes the near-monophagous, root-crown mining weevil Ceutorhynchus rusticus, the near-monophagous, seed-feeding weevil C. peyerimhoffi and the mite Metaculus sp.
Our evidence that the western US invasion more likely came directly from Eurasia than the eastern USA due to average genetic similarity between locations from the two ranges still leaves other hypotheses to be tested with additional data. For example, there may be more eastern US populations to collect and increase the statistical power, though we found that many previous collection sites were now extirpated for this species. Also, we were unable to test the hypothesis of a UK origin for western US invasion due to our inability to find plants at ~20 historical collection sites in the UK.
Conclusions
We found that the dyer's woad invasion has emerging patterns of lower, but not significantly lower, genetic diversity which was not expected from the long history of selective forces that could have had extreme effects on diversity. Unexpected retention of gene diversity in the invasion populations is likely tied to low levels of human-mediated selection for cultivars, facultative outcrossing and perhaps multiple introductions events. Our analysis demonstrated the utility of molecular data in studying invasion processes and patterns, including diversity, geographic structuring of genotypes and origins. The finding that the invasion was relatively diverse but geographically structured gave us insight into the invasion process and should facilitate management of the species. These patterns can help inform invasion control decisions at the researcher and land manager levels. Continued combination of ecological and molecular data will bring us closer to sustainable management of plant invasions.
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